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ElectrorotationThe present study explores the impact of the molecular size on the permeation of low-molecular-weight
polyethylene glycols (PEG200–1500) through the plasma membrane of Jurkat cells under iso- and hypotonic
conditions. To this end, we analyzed the cell volume responses to PEG-substituted solutions of different
osmolalities (100–300 mOsm) using video microscopy. In parallel experiments, the osmotically induced
changes in the membrane capacitance and cytosolic conductivity were measured by electrorotation (ROT).
Upon moderate swelling in slightly hypotonic solutions (200 mOsm), the lymphocyte membrane remained
impermeable to PEG300–1500, which allowed the cells to accomplish regulatory volume decrease (RVD).
During RVD, lymphocytes released intracellular electrolytes through the swelling-activated pathways, as
proved by a decrease of the cytosolic conductivity measured by electrorotation. RVD also occurred in strongly
hypotonic solutions (100 mOsm) of PEG600–1500, whereas 100 mOsm solutions of PEG300–400 inhibited
RVD in Jurkat cells. These ﬁndings suggest that extensive hypotonic swelling rendered the cell membrane
highly permeable to PEG300–400, but not to PEG600–1500. The swelling-activated channels conducting
PEG300–400 were inserted into the plasma membrane from cytosolic vesicles via swelling-mediated
exocytosis, as suggested by an increase of the whole cell capacitance. Using the hydrodynamic radii Rh of
PEGs (determined by viscosimetry), the observed size-selectivity of membrane permeation yielded an
estimate of ∼0.74 nm for the cut-off radius of the swelling-activated channel for organic osmolytes. Unlike
PEG300–1500, the smallest PEG (PEG200, Rh=0.5 nm) permeated the lymphocyte membrane under
isotonic conditions thus leading to a continuous isotonic swelling. The results are of interest for biotechnology
and biomedicine, where PEGs are widely used for cryopreservation of cells and tissues.© 2009 Elsevier B.V. All rights reserved.1. IntroductionVirtually all animal cells are able to regulate their volume in ani-
sotonic media. In response to a sudden decrease in extracellular
osmolality, the initial cell swelling leads to the activation of various
volume-sensitive pathways in the plasmamembrane. The net efﬂux of
cytosolic electrolytes through volume-sensitive ion channels, along
with osmotically-driven water loss, allows the cells to recover their
original isotonic volume. The process of restoration of the normal cell
size under enduring hypotonic stress is known as regulatory volume
decrease (RVD) [1–4].
Besides inorganic ions, small organic solutes, such as sugars,
polyols, amino acids, etc., contribute signiﬁcantly to the intracellular
osmolality and thus to the cell volume regulation in various mam-
malian cell types [5–10]. The swelling-activated transport of anions+49 931 888 4529.
rg.de (V.L. Sukhorukov).
ll rights reserved.and organic osmolytes has been reported to occur through a common
channel, such as the volume-sensitive organic osmolyte and anion
channel [11]. On the other hand, there is also evidence that organic
osmolytes and inorganic ions use separate swelling-activated path-
ways [12–16]. The controversial literature may in part be explained by
differences in experimental conditions regarding themagnitude of the
osmotic challenge, medium composition and cell type.
Recently, at least two distinct swelling-activated transport systems
have been found in human T-lymphocytes (Jurkat cells) by studying
their volume response to sorbitol- and trehalose-substituted media of
different osmolalities [17]. Thus, the release of cytosolic electrolytes
occurs upon moderate swelling of lymphocytes, which in turn allows
the cells to accomplish RVD under mild hypotonic stress (200 mOsm).
Neither sorbitol nor trehalose permeates through the electrolyte
pathways activated by mild hypotonic swelling. By contrast, the mem-
brane permeability to sorbitol increases dramatically upon excessive
swelling of cells in 100 mOsm media, as evidenced by RVD inhibition
[17]. Being generally impermeable to oligosaccharides, the swelling-
1842 V.L. Sukhorukov et al. / Biochimica et Biophysica Acta 1788 (2009) 1841–1850activated sorbitol-conducting pathway is capable of passing a wide
range of monomeric sugars and related compounds [18]. This ﬁnding
points toward a non-speciﬁc channel for structurally dissimilar organic
osmolytes.
The pore size of channels can be estimated by their differential
permeability to neutral organic polymers, such as carbohydrates,
polyethylene glycols (PEG), etc. Particularly, low-molecular-weight
PEGs (M.W. b2000) have proved to be a valuable experimental tool
for studying the size-selectivity of ion channels and porins in arti-
ﬁcial and cell membranes [19–22]. Recently, the cut-off radius of the
volume-sensitive anion channel (VSOR) has been determined by
analyzing the PEG partitioning into the channel pore by means of the
patch-clamp measurements in hypotonically swollen Intestine 407
cells [23].
In the present study we analyzed the relationship between the
hypotonically induced changes in the plasma membrane capacitance
of Jurkat lymphocytes, cytosolic conductivity and membrane perme-
ability for intra- and extracellular solutes by means of cell volumetry
and electrorotation (ROT). Whereas the volumetric data provided
information on the osmotic thresholds and selectivity of swelling-
activated pathways, the ROT revealed changes in the electrically
accessible membrane area and cytosolic electrolyte concentration
associated with the cell volume response to hypotonic conditions. The
use of differently-sized PEGs (PEG200–1500) with known hydro-
dynamic radii enables the estimation of the pore size of swelling-
activated channels for organic osmolytes.
2. Materials and methods
2.1. Cell lines
Human T-leukemia cells (Jurkat line, the American Type Culture
Collection, Manasses, Virginia, USA) were cultured in complete
growth medium (CGM) containing RPMI 1640 supplemented with
10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/
ml streptomycin (PAA, Linz, Austria) at 37 °C under 5% CO2. In order to
keep the cells in the log phase, the cell line was subcultured twice or
thrice weekly by diluting the cell suspension ∼1/10 with CGM.
2.2. Chemicals and solutions
PEG200–1000 were purchased from Fluka (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany). PEG1500 was from Merck (Hohen-
brunn, Germany). The mol wt ranges of the PEGs were 190–210
(PEG200), 285–315 (PEG300), 380–420 (PEG400), 570–630
(PEG600), 950–1050 (PEG1000) and 1400–1600 (PEG1500), accord-
ing to the suppliers' speciﬁcations. Aqueous PEG-substituted solutions
used for cell volumetry, electrorotation and viscosimetry (see below)
contained appropriate amounts of a particular PEG as the major
solute. The PEG solutions were prepared in deionized water with a
conductivity of ∼1 μS/cm, from a Milli-Q water puriﬁcation system
(Millipore GmbH, Schwalbach, Deutschland), as follows. Each PEGwas
ﬁrst dissolved at a concentration of 100, 200, or 300 mM, and the
solution osmolality (mosmol/kg, denoted hereafter as mOsm) was
measured by means of a cryoscopic osmometer (Gonotec, Berlin,
Germany). Thus,100-mM solutions of PEG200, PEG1000 and PEG1500
exhibited very different osmolalities of ∼120, ∼230 and ∼350 mOsm,
respectively. The difference can be explained by the peculiar osmotic
properties of larger PEGs [24]. The PEG solutions used for cell
volumetry and electrorotation were then diluted to a desired osmo-
lality of 100, 200, or 300 mOsm. The conductivity of each solutionwas
adjusted to 100–150 μS/cm by the addition of osmotically negligible
amounts (∼100 μM) of HEPES-KOH (pH 7.2, Fluka). Conductivity was
measured by means of a digital conductometer (Knick, Berlin,
Germany). All experiments were conducted at room temperature
(∼20 °C).2.3. Viscosimetry
The dynamic viscosity η [mPa s] of PEG solutions was measured
by means of a falling-ball viscosimeter PAA AMV 200 (Anton Paar
AG, Graz, Austria). Literature values [25] for the viscosity and den-
sity of water were used for calibrating the apparatus. For each PEG,
the hydrodynamic radius Rh was extracted by linear regression of
the viscosity data plotted against the corresponding molar con-
centrations. The regression analysis yielded values for the slope m,
which was used to calculate Rh by applying Eq. (1) according to
[26]:
Rh =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3 · m
10 · π · η0 · Na
3
s
ð1Þ
where η0 is the viscosity of water (1.005 mPa s at 20 °C), and Na is the
Avogadro's number. The hydrodynamic radii of PEG200, PEG300,
PEG400, PEG600, PEG1000 and PEG1500 were found to be 0.57, 0.65,
0.70, 0.84, 1.15 and 1.41 nm, respectively. These Rh values obtained in
salt-free solutions are somewhat larger than the corresponding data
(0.45, 0.53, 0.62, 0.75, 0.95 and 1.16 nm) reported previously for these
PEGs dissolved in Ringer solution [21]. The discrepancy can be ex-
plained by the dependence of hydrodynamic radius of PEG on salt
concentration reported elsewhere [27].
2.4. Cell volumetry
For volumetric experiments, the osmolality of the PEG solutions
was adjusted to 300, 200 and 100 mOsm corresponding to isotonic,
mild and strong hypotonic conditions, respectively. Cell volume
changes were measured by videomicroscopy using a ﬂow chamber
designed for rapid exchange of media [18]. Before measurements, an
aliquot of cells suspended in isotonic CGM (∼300 mOsm) at a density
of about 105 cells/ml was injected into the ﬂow chamber and the cells
were allowed to settle and to adhere to the chamber ﬂoor for 10–
15 min. The chamber was placed on the stage of a microscope (BX50,
Olympus, Hamburg, Germany) and the cells were viewed with a 20×
objective in transmitted light. The microscope was equipped with a
CMOS video camera (UI-1410-C, UEye, Obersulm, Germany) con-
nected to the video digitizing board of a personal computer. Images of
cells were taken 1–2 min before and at various time intervals of 10 s
up to 25 min after medium exchange. The cross-section areas of
typically 9–10 cells per microscopic ﬁeld were determined with an
image analysis program ImageJ (Wayne Rasband, NIH, Maryland,
USA). At each time interval, the volume (V) of an individual cell (Fig.
1) was evaluated from its cross-section by assuming spherical
geometry. The cell volume was normalized to the original isotonic
volume (V0) as: ν=V/V0. The mean ν values (±SE) for a given
experiment were calculated from a sequence of ∼160 images and
plotted against time after the change from isotonic CGM to a PEG-
substituted solution.
2.5. Electrorotation
Measurements of the ﬁeld frequency fc1 that induced fastest anti-
ﬁeld rotation of cells were performed by the contra-rotating ﬁelds
(CRF) technique, as described previously [28]. In these experiments,
10 μl of cell suspensionwas added to a four-electrode chamberwith an
electrode spacing of ∼1.2 mm. The chamber was open at the top for
rapid sample replacement. During CRF measurements, the cells were
viewed with an inverted Leitz–Labovert microscope through a 100×
oil-immersion objective for optimum resolution. Cell radii were
determined with a calibrated eyepiece micrometer. Conductivity
within the chamber was monitored by a conductometer connected
to two opposite electrodes. The CRF technique allows rapid and
accurate fc1 measurements in large cell samples.
Fig. 1. Cell volume changes in Jurkat lymphocytes induced by strongly hypotonic PEG200- (A–C) and PEG600-substituted solutions (D–F) of the same osmolality of 100 mOsm. The
microphotographs were taken before (A and D, isotonic conditions), 2 min (B, E) and 25min (C, F) after an acute hypotonic shock. Upon exposure to hypotonic PEG200 (A–C), the cell
volume increased ﬁrst rapidly from its isotonic value of 1.9 pL (A) to 3.1 pL within 2 min (B) and then more slowly to 4.6 pL within the following 23 min (C). In sharp contrast to the
continuous swelling induced by PEG200, the cell treated with hypotonic PEG600 swelled ﬁrst from 1.4 L (D) to 2.3 pL (E) and then shrank gradually to 1.8 pL (F) via the RVD
mechanism.
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model [29–33] gives the following relationship between the area-
speciﬁc membrane capacitance Cm [μF/cm2], external conductivity σe,
characteristic frequency of anti-ﬁeld rotation fc1 and cell radius a:
Cm =
σe
π · fc1 · a
: ð2Þ
Eq. (2) was used for the determination of Cm of individual cells
after their long-term exposure to PEG-substituted solutions. Using the
Cm and radius data, the whole cell capacitance CC [pF] was also
calculated for each cell as CC=4πa2Cm.
Electrorotation (ROT) spectra, i.e. the frequency dependences of
the rotation speed Ω, were measured in a microstructured four-
electrode chamber described in detail previously [17]. The electrodes
were driven by four 90° phase-shifted, rectangular signals from a
pulse generator HP 8130A (Hewlett-Packard, Boeblingen, Germany)
with 2.5–4.8 VPP amplitude over the frequency range from about
100 Hz to 150 MHz. A sample of cell suspension (∼50 μl) was added to
the ROT chamber, and a coverslip was placed over its center. The cell
rotation was observed using the BX 50 Olympus microscope. ROT
spectra were monitored by decreasing the ﬁeld frequency in steps
(4 frequency points per decade). At each ﬁeld frequency, the rota-
tion speed Ω of cells located near the center of the chamber was
determined using a stopwatch. The ROT spectra were normalized to
the ﬁeld strength of 1 VPP/100 μm.
The ROT spectra of mammalian cells can be presented as a
superposition of two Lorentzian peaks of opposite directions X =P
2R1;2 f = fc1;2
 
= 1 + f = fc1;2
 2  [31], with the amplitudes R1 and
R2 and the characteristic frequencies fc1 and fc2. At low external
conductivities the two ROT peaks are widely separated, i.e. fc2≫ fc1.
Whereas the low-frequency anti-ﬁeld peak (fc1) reﬂects mainly the
capacitive charging of the plasma membrane (Eq. (2)), the high-
frequency co-ﬁeld peak (fc2) arises from the polarization of the cytosol.The single-shell model [28,29] yields the following relationship bet-
ween the characteristic frequency fc2, the conductivities σ and permit-
tivities ɛ of the cytosol (subscript i) and external solution (subscript e):
fc2 =
σ i + 2σe
2π ei + 2eeð Þ
: ð3Þ
Eq. (3) means that, at a given external conductivity σe, the co-ﬁeld
peak shifts to a lower frequency as the cytosolic conductivity σi
decreases. To extract the dielectric properties of the cytosol (σi and ɛi),
the ROT spectra were ﬁtted to the single-shell model, using the
membrane properties measured by the CRF technique. Computations
were performed with the Mathematica software.
3. Results
The experiments were designed to explore the impact of the
molecular size on the permeation of PEG200–1500 through the
plasmamembrane of Jurkat cells under iso- and hypotonic conditions.
The cell volume responses to PEG-substituted solutions of different
osmolalities (100–300 mOsm) were analyzed by video microscopy.
The related changes in the membrane capacitance and cytosolic con-
ductivity were measured additionally by electrorotation (ROT). The
combined approach provided complementary information on the
osmotic thresholds, solute selectivity and activation mechanisms of
membrane pathways involved in cell volume regulation. Finally, the
use of differently-sized PEGs with known hydrodynamic radii enables
the estimation of the pore size of swelling-activated channels for
organic osmolytes.
3.1. Cell volume response to PEG-substituted solutions
The initial and secondary cell volume changes were measured by
video microscopy after rapid transfer of cells from isotonic culture
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of PEGs (PEG200–1500) as themajor solute. For each PEG, the solution
osmolality was adjusted to 300, 200 and 100 mOsm corresponding to
isotonic, mild and strong hypotonic conditions, respectively. As seen in
Fig. 2, the transient volume changes in Jurkat cells depended not only
on the osmolality but also on the molecular weight of PEG.
In the presence of PEG200, Jurkat cells exhibited continuous
swelling over the entire osmolality range (Fig. 2A). Even isotonic
solution of PEG200 gave rise to a considerable cell swelling by ∼70%
within 25 min (ﬁlled triangles in Fig. 2A), that corresponds to a long-
term normalized volume νend300 of ∼1.67. With decreasing osmolality of
PEG200, the cells swelled faster and to a larger extent (open symbols).
Upon exposure to 100mOsm PEG200 for ∼25min, about 30% of Jurkat
cells burst while the remaining cells more than tripled their volume
without rupture (νend100≈3.2).
In contrast to PEG200, isotonic solutions of larger PEGs caused only
little changes in Jurkat cell volume (ﬁlled triangles in Fig. 2B–F). In
hypotonic solutions of PEG300–1500, lymphocytes swelled rapidlyFig. 2. Changes of the normalized volume ν in Jurkat cells in response to PEG-substituted
culture medium (∼300 mOsm) and then exposed at time zero to solutions having osmola
Differently-sized polymers, including PEG200–1500, were used in the experiments illustrat
over the entire tonicity range (100–300mOsm). Isotonic solutions of larger PEGs caused only
cells ﬁrst swelled rapidly and then slowly underwent RVD in 200mOsm solutions of PEG300–
solutions of PEG600–1500 (D–F, squares, 100 mOsm). In sharp contrast, RVD was considerab
and C, circles). Each data point represents the mean±SE of 20–30 individual cells.within 2–3 min from their original isotonic volume ν0=1 to the
maximum volume νmax. The fast initial swelling resulted from the
water inﬂux due to the imposed osmotic gradient. As expected, the
magnitude of initial swelling νmax increased with decreasing
osmolality from νmax=1.2–1.3 at 200 mOsm to νmax=1.7–2.0 in
100 mOsm solutions.
Jurkat cells accomplished regulatory volume decrease (RVD) in
200 mOsm solutions of PEG300–1500 (open circles in Fig. 2B–F). After
the fast initial swelling, the cells shrank slowly despite persisting (mild)
hypotonicity. During RVD, the cell volume decreased gradually to reach
a stationary value νend which was either slightly larger (PEG300,
νend≈1.1), nearly equal (PEG400, νend≈1.0) or somewhat lower
(PEG600–1500, νend≈0.8) than the original isotonic volume (ν0=1).
Further reduction of osmolality to 100mOsm revealed a signiﬁcant
impact of the molecular size of PEG on the secondary volume changes
in Jurkat cells (open squares in Fig. 2). At 100 mOsm, PEG600–1500
allowed a nearly complete RVD (νend=1.0–1.1, Fig. 2D–F). By contrast,
100 mOsm PEG300 completely abolished the RVD process, i.e. nosolutions of different osmolalities. The cells were bathed initially (time b0) in isotonic
lities of 300, 200 or 100 mOsm as indicated by the numbers close to the data points.
ed in A–F, respectively. In the presence of PEG200, cells exhibited continuous swelling
little changes in cell volume (B–F, ﬁlled triangles). Undermild hypotonic conditions, the
1500 (B–F, open circles). A nearly complete RVD also occurred in the strongly hypotonic
ly inhibited by PEG400 and completely abolished by PEG300 in 100 mOsm solutions (B
Fig. 3. Determination of the membrane permeability coefﬁcients for intracellular
electrolytes (Peliso) and PEG200 (PPEG200iso ) under isotonic conditions. The data show the
initial parts of the volumetric responses of Jurkat cells to isotonic solutions of PEG200
(open circles) and PEG600 (ﬁlled circles). Continuous curves are best ﬁts of the Lp-P-
Model [18] with volume-independent permeability coefﬁcients to the data. Curve
ﬁtting yielded Peliso≈2×10−10 m/s and PPEG200iso ≈0.4×10−8 m/s (for further explana-
tions see text).
Fig. 4. The long-term volume change Δνend=Δνend100−Δνend300 as a function of the
hydrodynamic radius of PEG molecules. The hypotonic Δνend100 values for Jurkat cells
exposed to a 100-mOsm solution for ∼25 min and the corresponding isotonic values
Δνend300 were determined from the volumetric curves shown in Fig. 2. The quantity Δνend
reﬂects the ability of extracellular PEGs to inhibit RVD, and thus their permeation
through swelling-activated channels. The intersection of the two regression lines
provides an estimate of ∼0.74 nm for the cut-off radius of the swelling-activated
channels conducting PEGs.
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νmax≈1.75, Fig. 2B). The strongly hypoosmolar PEG400 (100 mOsm)
inhibited partially RVD in Jurkat cells (νend≈1.35, Fig. 2C), thus
exerting an intermediate effect between those of PEG300 and PEG600.
3.2. Membrane permeability under isotonic conditions
Depending on the molecular weight, isotonic PEG solutions
(300 mOsm) caused Jurkat cells to swell considerably (PEG200) or
to shrink slightly (PEG400–1500), while isotonic PEG300 exerted
only little effects on the cell volume (Fig. 2). Given that no osmotic
gradient is imposed in 300 mOsm solutions, cell shrinkage can only
occur by water efﬂux following the diffusion-driven release of cyto-
solic electrolytes. By applying the two-parameter transport model
(the Lp-P-model, [18]) to the volumetric data in isotonic PEG600
solutions, we ﬁrst estimated the basal (i.e. isotonic) permeability
coefﬁcients for electrolytes Peliso (Fig. 3). For these calculations, the
membrane was assumed to be impermeable to PEG600. The values
of the osmotically inactive cell volume (νb=0.5) and the hydraulic
conductivity (Lp=10−13 m3 N−1 s−1) for Jurkat cells have been
reported elsewhere [18]. This Lp corresponds to an osmotic water
permeability Pf of ∼14×10−6 m/s, which is within the range (9.3±
4.8)×10−6 m/s determined for patch-clamped Jurkat cells [34].
Fitting the Lp-P-model to the initial part of the cell shrinkage
kinetics (time b6 min, Fig. 3) yielded the estimate for Peliso of about
2×10−10 m/s.
Isotonic solution of PEG200 induced continuous swelling of Jurkat
cells (Figs. 2A and 3), which is indicative of a considerable isotonic
permeability of cell membrane to the smallest PEG. Using the Peliso
value for electrolytes derived above, we estimated the isotonic
permeability coefﬁcients for PEG200 PPEG200iso by ﬁtting the initial
portions of volumetric curves to the Lp-P-model with volume-
independent permeability coefﬁcients for electrolytes and PEG. As
seen in Fig. 3, the assumption of volume-independent permeabilities
ﬁts reasonably well to the volumetric data in isotonic media (but it
fails to account for the RVD process in hypotonic media [18]). Curve
ﬁtting yielded a PPEG200iso estimate of ∼0.4·10−8 m/s for Jurkat cells.
As seen in Fig. 3, the theoretical curves based on the Lp-P-model
with volume-independent permeability coefﬁcients start to deviate
from the experimental data around a νthr value of ∼1.2, i.e. as soon as
the cells swell by ∼20% above their original isotonic volume. Jurkatcells reach this swelling state ∼3.5 min after exposure to isotonic
PEG200. Afterwards, the cells kept swelling, but with a lower rate than
expected theoretically (Fig. 3). This kind of discrepancy between
theory and experiment can be explained by postulating a rapid rise in
the membrane permeability to electrolytes, which occurs as a result of
the volume increase above a threshold level of ∼1.2·V0. The alter-
native explanation, i.e. swelling-mediated decrease of membrane
permeability to PEG200, appears unlikely.
3.3. The cut-off radius of PEG-conducting channels activated by
hypotonic cell swelling
As seen in Fig. 2, the secondary volume response to hypotonic
solutions depended not only on the imposed osmolality but also on
the molecular size of PEG. Except for PEG200, low-molecular-weight
PEGs studied here (PEG300–1500) allowed Jurkat cells (Fig. 2) to
accomplish RVD under mild hypotonic conditions (200 mOsm).
During RVD, the cells recovered their original isotonic volume via
the release of cytosolic solutes through swelling-activated membrane
pathways along with osmotically-driven water loss (for review see
[2,10]). RVD also occurred in strongly hypotonic solutions of PEG600–
1500 (100 mOsm), whereas 100-mOsm solutions of smaller PEGs
inhibited RVD partially (PEG400) or even completely (PEG300). As
pointed out elsewhere [17,18], the different effects of extracellular
solutes on RVD can be explained by the ability of the swelling-
activated channels to selectively conduct small organic solutes (e.g.
PEG300–400) while remaining impermeable to the larger ones
(PEG600–1500). Driven by the inwardly directed gradient, the inﬂux
of PEG300–400 inhibited RVD by compensating for the release of
intracellular solutes.
The hydrodynamic radii of PEG400 (0.7 nm, see Section 2.3) and
PEG600 (0.84 nm) yield a rough estimation of the pore size of PEG
channels activated by cell swelling in strongly hypotonic 100-mOsm
solutions. To assess more accurately the pore size, we plotted the
magnitude of the long-term volume increase Δνend=νend100−νend300
versus the hydrodynamic radius of PEG. The normalized volume data
νend100 of cells exposed to a 100-mOsm PEG solution for ∼25min and the
corresponding isotonic values νend300 were determined from the volu-
metric curves shown in Fig. 2. As shown elsewhere [18], the
magnitude of RVD inhibition (given by the difference Δνend in Fig.
Table 1
Electrical properties of Jurkat cells incubated for 15–30 min in PEG-substituted solutions (PEG200–400) of different osmolalities.
Osmolyte PEG200 PEG300 PEG400
Osmolality, mOsm 100 200 300 100 200 300 100 200 300
Cm, μF/cm 0.88±0.01 0.83±0.01 0.84±0.02 0.89±0.02 1.13±0.04 1.11±0.03 0.89±0.02 1.16±0.04 1.16±0.05
CC, pF 17.2±0.4 14.1±0.5 13.9±0.8 13.6±0.5 11.9±0.6 10.8±0.5 13.7±0.6 8.2±0.3 9.1±0.5
a, µm 12.4±0.2 11.6±0.2 11.4±0.3 11.0±0.2 9.1±0.2 8.7±0.1 11.0±0.2 7.5±0.1 7.9±0.1
N 81 41 40 48 34 77 77 39 39
σi, mS/cm 1.6±0.1 1.9±0.1 2.6±0.1 2.7±0.1 3.0±0.2 3.8±0.3 3.2±0.2 4.2±0.3 4.9±0.2
ɛi/ɛ0 98.9±3.4 94.0±9.4 96.2±4.3 81.1±2.9 76.8±3.9 90.2±14.4 78.7±9.6 94.2±6.9 80.8±11.7
N 10 10 10 10 10 9 10 9 8
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cellular solutes.
Fig. 4 illustrates the strongly nonlinear dependence of Δνend (and
thus of the PEG permeation) on the hydrodynamic radius. Between
0.57 and 0.7 nm (PEG200–400), Δνend declines steeply with
increasing Rh, as indicated by the dashed line. Above 0.84 nm
(PEG600), the slope of the Δνend-Rh dependence decreases dramati-
cally (solid line). The intersection of the two regression lines gives an
estimate of ∼0.74 nm for the cut-off radius of swelling-activated
channels conducting PEGs. The PEG samples used in the present study
exhibit relatively narrow mass distributions, i.e. ±5% around the
mean molecular weight (see Materials and methods). As pointed out
elsewhere [19,27], moderate dispersibility of polymers does not
hamper channel sizing experiments.
3.4. Electrorotation measurements of the electrical cell properties
In order to gain deeper insight into the mechanisms of the
swelling-activated solute transport we further analyzed the osmoti-
cally induced changes in the electrical properties of the plasma
membrane and cytosol by means of electrorotation (ROT) in PEG-
substituted solutions of different osmolalities. Prior to ROT measure-
ments, cells were incubated for 15–30min in a 300, 200, or 100mOsm
solution of PEG200–1500. These experimental conditions are similar
to those used for the volumetric determination of the long-term νend
values (t≈25 min, Fig. 2).
The area-speciﬁc capacitance Cm was ﬁrst determined by the CRF
technique. To this end, the fc1 value and the radius a were measured
for individual cells at a closely similar external conductivity σe of 150–
160 μS/cm. The Cm values were calculated for each cell by applying Eq.
(2). The whole cell capacitance CC=4πa2Cm was also evaluated for
each cell (Tables 1 and 2).
Non-swollen Jurkat cells incubated in isotonic solutions of
PEG300–1500 (300 mOsm) exhibited similar Cm values ranging
between ∼1.1 and 1.18 μF/cm2. This range is usual for cell membranes
with folds and microvilli [28]. A much lower Cm (i.e. ∼0.84 μF/cm2,
typical for smooth membranes) was obtained for cells incubated in
isotonic PEG200. This resulted apparently from the microvilli retrac-
tion and membrane ﬂattening caused by the cell swelling in 300-
mOsm PEG200 (see Fig. 2A).
Both Cm and CC values in cells treated with hypotonic PEG
solutions for 15–30 min (Tables 1 and 2) were closely associatedTable 2
Electrical properties of Jurkat cells incubated for 15–30 min in PEG-substituted solutions (P
Osmolyte PEG600 PEG1000
Osmolality, mOsm 100 200 300 100
Cm, μF/cm 1.08±0.03 1.21±0.05 1.16±0.03 1.00±0.04
CC, pF 9.2±0.5 8.8±0.5 7.6±0.3 9.1±0.4
a, µm 8.2±0.1 7.7±0.2 7.3±0.1 8.5±0.1
N 58 41 35 45
σi, mS/cm 2.7±0.1 3.9±0.2 5.2±0.4 4.2±0.3
ɛi/ɛ0 55.8±7.2 76.6±6.1 90.0±7.3 92.1±9.5
N 9 9 9 14with the secondary cell volume changes (Fig. 2). If cells accomplished
RVD (e.g. in 200 mOsm PEG300–1500 and in 100 mOsm PEG600–
1500), the Cm values were ≥1.0 μF/cm2, i.e. similar to those of non-
swollen cells with villated membranes in isotonic media. In contrast,
both inhibition of RVD by 100 mOsm PEG300–400 and secondary
swelling observed in hypotonic solutions of PEG200 was accompanied
by a signiﬁcant reduction of Cm to 0.83–0.89 μF/cm2.
The whole cell capacitance CC (pF) reﬂects the total electrically
accessible plasma membrane area, including both planar membrane
and microvilli [17,28]. Comparison of the volumetric and CC data
(presented in Fig. 2 and tables) reveals only little changes in the
membrane area of cells accomplishing RVD (with respect to isotonic
conditions). The reduction of osmolality of PEG300/400-solutions
from 300 to 100 mOsm resulted (besides RVD inhibition) in a marked
increase of the membrane area by ∼40–50% (i.e. from the isotonic CC
level of 8–10 pF to ∼14 pF). Moreover, Jurkat cells almost doubled
their surface area (CC≈17 pF) upon extreme (i.e. ∼3-fold) volume
increase in 100-mOsm PEG200.
Using the plasma membrane data measured by the CRF technique,
the electrical properties of the cytosol of Jurkat cells were derived
from the ROT spectra. The ROT spectra monitored in PEG-substituted
solutions of two different osmolalities (100 and 300mOsm), but of the
same conductivity of ∼150 μS/cm are shown in Fig. 5 (symbols).
Continuous curves in the ﬁgure are best ﬁts of the single-shell model
[17] to the data. The ﬁtted values of the cytosolic conductivity σi and
permittivity ɛi are summarized in Tables 1 and 2.
At a given external conductivity σe of ∼150 μS/cm, a shift of the co-
ﬁeld peak (fc2) reﬂects primarily changes in the cytosolic conductivity
σi (Eq. (3)). In isotonic solutions of PEG300–1500, inwhich Jurkat cells
did not undergo any signiﬁcant volume changes (Fig. 2B–F), the fc2
values were similar, ranging between ∼30 MHz and ∼40 MHz (Fig.
5B–F). Treatment with isotonic PEG200 shifted the fc2 peak to a lower
frequency of ∼14 MHz (Fig. 5A), which implies a marked reduction of
the cytosolic conductivity σi, as compared to isotonic solutions of
larger PEGs. The observed decrease of σi resulted apparently from
both dilution and release of cytosolic electrolytes due to the
considerable cell swelling (by ∼70%) in isotonic PEG200 (Fig. 2A).
Compared to the corresponding isotonic data (Fig. 5, ﬁlled
triangles), incubation in strongly hypotonic solutions of all tested
PEGs decreased the cytosolic conductivity of Jurkat cells, as suggested
by the low-frequency shifts of the co-ﬁeld peak (fc2, open squares).
The strongly hypotonic PEG200 also gave rise to a marked shift of theEG600–1500) of different osmolalities.
PEG1500
200 300 100 200 300
1.26±0.04 1.18±0.03 0.99±0.05 1.31±0.06 1.17±0.04
7.5±0.3 7.6±0.2 8.3±0.4 10.4±0.5 9.8±0.4
6.9±0.1 7.1±0.1 8.6±0.2 8.1±0.2 8.1±0.1
72 97 50 45 55
6.0±0.8 5.0±0.4 4.2±0.5 5.8±0.6 7.1±0.6
81.8±19.4 77.9±7.3 78.8±13.0 96±20.8 97.5±6.7
7 12 14 12 15
Fig. 5. Rotation spectra of Jurkat cells in PEG-substituted solutions (A–F, respectively) of different osmolalities, but of the same conductivity of ∼150 μS/cm. Each spectrum is the
mean (±SE) of 7–15 cells incubated for 15–30 min in 100 and 300 mOsm solutions (open and solid symbols, respectively). The low-frequency anti-ﬁeld peak (fc1) is due to the
capacitive charging of the plasma membrane. The high-frequency co-ﬁeld peak (fc2) reﬂects the polarization of the cytosol. The characteristic peak frequencies fc1 and fc2 are related
to the area-speciﬁc membrane capacitance Cm and cytosolic conductivity σi according to Eqs. (2) and (3). Continuous curves are best ﬁts of the single-shell model [17,33]. For further
details see text.
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have originated in this case from the large cell size increase upon
hypotonic swelling (see Eq. (2) and Fig. 2A).
4. Discussion
4.1. Background membrane permeability under isotonic conditions
Among the six tested PEGs, only the smallest one (PEG200) was
able to permeate through the plasma membrane of Jurkat cells
under isotonic conditions. The isotonic permeability coefﬁcients for
PEG200 (PPEG200iso ≈0.4·10−8 m/s) were even much larger (by 1–2
orders of magnitude) than the corresponding data for electrolytes
(Peliso≈2×10−10 m/s). As a result, the inﬂux of PEG200 dominated
over the electrolyte release, thus leading to continuous cell swelling in
isotonic PEG200-substituted media (Fig. 2A). Membrane-permeableextracellular solutes do not necessarily induce a continuous volume
increase under isotonic conditions. Thus, unlike PEG200, isotonic urea-
substituted solutions induce transient swelling of Swiss 3T3ﬁbroblasts,
after which the cells undergo RVD involving the taurine and Cl− efﬂux
pathways [16].
Fig. 6A summarizes schematically the transport properties of the
plasma membrane of non-swollen Jurkat cells in isotonic media.
Under these conditions, the Jurkat cell membrane is impermeable to
PEG300–1500 and poorly permeable to electrolytes, but it is highly
permeable to PEG200.
Taking into account the very poor partitioning of low-molecular-
weight PEGs into lipid phase in lipid/watermixtures [35], it is unlikely
that PEG200 crossed the cell membranes via lipid pathways. The avid
uptake of PEG200 by Jurkat cells under isotonic conditions suggests
the involvement of channel-assisted transport. Possible candidates
for PEG200 transport pathways are aquaglyceroporins, a group of
Fig. 6. Membrane structure/topology and permeability to differently-sized PEGs under
isotonic (A), mild hypotonic (B) and strongly hypotonic conditions (C). A) The smallest
PEG200 (Rh=0.5nm) exhibited a substantial basal (i.e. isotonic)membrane permeability
as suggested by a continuous isotonic swelling of both cell types (Fig. 2). Under these
conditions, the membrane possesses a large number of microvilli, revealed by the ROT
measurements of the area-speciﬁcmembrane capacitance (Cm, Table 1). Themembrane is
impermeable to PEG300–1500 in isotonic media. B) Mild hypotonic swelling at
200 mOsm activates membrane channels permeable to electrolytes (grey icons). The
efﬂux of intracellular electrolytes (mainly KCl) is responsible for RVD observed in
200mOsmsolutions of PEG300–1500 (Fig. 2). Theelectrolyte channels aremost probably
activated by microvilli retraction and membrane ﬂattening, revealed by a Cm decrease
with respect to isotonic conditions (Table 1). C) Extensive cell swelling at 100 mOsm
leads to the activation of additional membrane channels (black icons) permeable to
PEG300 and PEG400, as suggested by the inhibition of RVD (Fig. 2). These channels are
impermeable to PEG600–1500. They are inserted into the plasma membrane via
swelling-mediated exocytosis, as suggested by an increase of the whole cell capacitance
CC (Table 1). Using the hydrodynamic radii of PEGs determined by viscosimetry, the
cut-off radius of these channels was estimated to be ∼0.74 nm (Fig. 4).
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and T-lymphocytes [36]. Aquaglyceroporins are known to be highly
permeable to glycerol, a small polyol with some structural resem-
blance to PEG [37]. Aquaporins have also been proposed as possible
pathways for the uptake of various low-molecular-weight cryopro-
tectants by Xenopus oocytes [38].
4.2. Swelling-activated membrane permeability to electrolytes
In agreement with our previous studies with sugar derivatives
[17,18], Jurkat cells underwent complete RVD in response to a mild
osmotic shift from 300 to 200 mOsm in the presence of PEG300–
1500 (Fig. 2B–F). The small basal permeability to electrolyte
(Peliso≈2×10−10 m/s, see above) cannot alone account for the
electrolyte release during RVD. Therefore, the observed RVD can
only be explained by the activation of additional pathways, which
gave rise to a considerable increase of the electrolyte permeability
above the basal isotonic level. This permeability change resulted
apparently from the small initial cell swelling by 20–25% in slightly
hypotonic solutions (200 mOsm), thus indicating the involvement of
swelling-activated channels for electrolytes.
Swelling-activated electrolyte permeability can apparently result
not only from the hypotonic swelling but also from the isotonic
volume increase, such as caused by 300 mOsm PEG200 (Fig. 2A).
Interestingly, the νmax value of ∼1.25 reached upon themild hypotonicchallenge in 200 mOsm PEG300–600 solutions and is close to the
threshold volume νthr≈1.2 for the abrupt increase of electrolyte
permeability derived theoretically from the isotonic swelling experi-
ments with PEG200 (Fig. 3).
Mild hypotonic treatment with 200 mOsm solutions of PEG300–
1500 did not cause any signiﬁcant changes in the membrane area of
lymphocytes (probed by the whole cell capacitance CC), as compared
to corresponding isotonic data (Tables 1 and 2). This ﬁnding agrees
with the time-resolved CC measurements in sorbitol- and trehalose-
substituted solutions of the same osmolality [17]. The unchanged CC
value means that during moderate swelling and subsequent RVD,
Jurkat cells consecutively increased and decreased their surface area
by retraction and restoration of microvilli, without incorporating
additional membrane material from cytosolic vesicles [28]. The
unchanged membrane area also implies that swelling-activated
electrolyte channels are permanently present in the cell membrane
[17]. Their activation seems to involve the retraction/unfolding of
microvilli caused by moderate swelling of cells exposed to mild
hypotonic conditions or isotonic PEG200. These points are illustrated
in Fig. 6 (parts A and B). A similar mechanism involving activation of
ionic conductance by membrane unfolding has been demonstrated in
rat astrocytes exposed to mild hypotonic stress of 210 mOsm [39].
Membrane unfolding is known to be responsible for the activation
of the volume-sensitive outwardly rectifying (VSOR) Cl− channel in
human epithelial Intestine 407 cells [40]. This channel, also termed
volume-regulated anion channel (VRAC), volume-sensitive organic
osmolyte and anion channel (VSOAC), etc., is commonly present in a
variety of mammalian cell types, also including Jurkat cells [34]. VSOR
is therefore a plausible candidate for the major anion efﬂux pathway
involved in RVD after moderate cell swelling cells in slightly hypotonic
PEG-substituted media (Fig. 2).
Despite the swelling-mediated electrolyte release during RVD, the
inﬂux of PEG300–1500 into Jurkat cells was very low – if any – in
200 mOsm media. Consequently, the swelling-activated electrolyte
channels involved in RVD are impermeable to PEG300–1500. More-
over, PEG200 also did not seem to be capable of entering Jurkat cells
through the swelling-activated electrolyte channels. This conclusion is
supported by the observation that the rate of secondary swelling in
200 mOsm solution of PEG200 was similar to that of isotonic cell
swelling in PEG200-substituted medium (Fig. 2A).
4.3. Swelling-activated membrane permeability to PEGs
The impact of molecular weight of PEG300–1500 on the secondary
volume response of Jurkat cells in hypotonic solutions of different
osmolalities (Fig. 2) closely resembles that of various sugar derivatives
and polyols reported earlier for this cell line [17,18]. Thus, independent
of osmolality, oligosaccharides (including trehalose, sucrose, rafﬁ-
nose) allow Jurkat cells to accomplish RVD, as did the large PEGs
(PEG600–1500) studied here (Fig. 2D–F). In contrast, the effects of
monomeric sugars and sugar alcohols (glucose, galactose, sorbitol,
and inositol) on the volumetric behavior of Jurkat cells are similar to
those of PEG300 and PEG400 (Fig. 2B and C).
Upon reduction of osmolality to 100 mOsm the plasma membrane
of Jurkat cells became highly permeable to PEG300 and PEG400 as
evidenced by the inhibition of RVD in strongly hypotonic solutions of
these polymers (Fig. 2). This conclusion is consistent with the earlier
ﬁndings in various mammalian cells that membrane permeability to
small organic solutes increases with decreasing osmolality [39,41,42].
The reason for the observed increase of membrane permeability to
PEG300–400 in 100-mOsm solutions was apparently the extensive
initial cell swelling to νmax≈1.7–2.0 times original isotonic volume.
This value is much larger than the threshold volume of ∼1.2 required
for the swelling-mediated activation of electrolyte efﬂux in 200mOsm
solutions (see above). The different osmotic/swelling thresholds
imply the involvement of separate swelling-activated pathways for
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[10,12,14,15].
Comparison of the volumetric and electrorotation data reveals that
activation of PEG300/400-conducting pathways in Jurkat cells upon
swelling in 100-mOsm media was associated with a marked increase
of the total plasma membrane area (probed by CC). Judging by the CC
data given in Tables 1 and 2, the electrically accessible membrane area
increased by ∼40–50% (i.e. from 9–10 pF to ∼14 pF) as the osmolality
of PEG300/400-solutions was reduced from 300 mOsm to 100 mOsm.
As pointed out elsewhere [28,43], surface area expansion in
mammalian cells occurs (once the membrane of microvilli has been
used up) by the swelling-mediated incorporation of additional
endomembrane material via exocytosis.
Taken together, the correlation between the swelling-activated
membrane permeability to PEG300–400 and the surface area
increase suggests that the PEG-conducting pathways originated
from cytosolic vesicles, as illustrated schematically in Fig. 6C. This
conclusion is in line with the mechanism demonstrated recently for
the hypotonically activated sorbitol permeability in Jurkat cells [17].
The similarity of mechanisms suggests the involvement of the same
swelling-activated channel capable of passing a wide range of
structurally dissimilar small organic molecules, including PEG300–
400, monomeric sugars and polyols [17,18]. This channel is
apparently also permeable to PEG200, as indicated by a much faster
rate of the secondary swelling detected in 100-mOsm solution of
PEG200 with respect to both isotonic and slightly hypotonic
solutions of this polymer (Fig. 2A). Among various cytosolic vesicles,
the peroxisomal membrane has been reported to exhibit channels
which are freely permeable to small hydrophilic molecules (glyco-
rate, urate, etc.), but not to more bulky cofactors (NAD/H, NADP/H,
etc.) [20].
Despite the insertion of channels for organic osmolytes by
swelling-mediated exocytosis, Jurkat cells retained their ability to
accomplish RVD in 100-mOsm solutions of PEG600–1500 (Fig. 2D–F).
Likewise, strongly hypotonic oligosaccharide-substituted media
(including trehalose, sucrose, rafﬁnose, etc.) also allow RVD in Jurkat
cells after a large initial swelling [17,18]. These data indicate a very
poor – if any – permeability of swelling-activated organic osmolyte
channels to PEG600–1500 and oligomeric sugars.
4.4. Pore size of swelling-activated channels
The results obtained here and elsewhere [17,18] indicate that a
large permeability pathway is inserted into the plasma membrane of
Jurkat cells via swelling-mediated exocytosis. This transport pathway
is permeable for a range of structurally dissimilar organic osmolytes,
including PEG300–400, monomeric sugars and sugar alcohols. Being
activated by extensive hypotonic swelling at osmolalities below
200 mOsm, this transport pathway is apparently independent of
those responsible for the electrolyte release during RVD in slightly
hypotonic media (≥200 mOsm). In agreement with this conclusion,
the hypotonicity-induced release of organic osmolytes from Intestine
407 cells (probed with 3H-taurine) is activated independently, i.e. by a
much more severe hypotonic challenge (b70% tonicity, i.e.
b210 mOsm) than that required for the anion release (210–
270 mOsm) [15]. Likewise, the volume-regulatory efﬂux of K+ from
rat hepatoma cells occurs via two discrete pathways, differing in
osmotic thresholds and activation kinetics [8]. One of these pathways,
which conducts not only cations but also organic osmolytes, is
activated when hepatoma cells are subjected to a sufﬁciently low
osmolality [8].
Using the hydrodynamic radii Rh of PEGs determined by viscosi-
metry (see Section 2.3), the cut-off radius of the swelling-activated
pathway for organic osmolytes was assessed to be ∼0.74 nm (Fig. 4).
Among the various known RVD-related channels, VSOR anion
channels (or VRAC) are ubiquitously expressed in mammalian cells.Measurements of the permeability of this channel to differently-sized
anions have yielded the upper limit of the pore radius of ∼0.6 nm [44].
A recent electrophysiological study has yielded the cut-off radius of
0.63 nm for the pore of VSOR channel in Intestine 407 cells [23].
Although this pore radius is close to the Rh=0.64–0.7 nm of PEG400,
the poor partition of PEG400 into the VSOR channel (i.e. about one
tenth of that of PEG300 [23]) suggests a low permeability of this
channel for PEG400. In view of these data, activation of the VSOR
channels alone would not account for the strong inhibition of RVD by
100 mOsm PEG400 (Fig. 2C). A further argument against the
involvement of VSOR is that this channel is activated by membrane
unfolding rather than by exocytosis [40]. Moreover, VSOR/VRAC is
partially active under isotonic conditions thus providing a background
Cl− conductance [2].
Compared to VSOR, a much larger pore radius of ∼1.3 nm has been
estimated for a maxi-anion channel [21], which is also known to be
activated by cell swelling. The pore size of this channel is much larger
than those of PEG600 (Rh≈0.8 nm). For that reason, the lack of RVD
inhibition by PEG600 (Figs. 2D) argues against a signiﬁcant contribu-
tion of the maxi-anion channel to the swelling-activated permeability
for organic osmolytes in Jurkat cells.
Apart from the RVD-related channelsmentioned above, a variety of
other transport systems for inorganic and organic osmolytes have
been recognized to be important for cell volume regulation in
mammalian cells [2,3,10,45–47]. Although well characterized in
terms of their pharmacological proﬁles and electrophysiological
properties, most of these swelling-activated pathways (i.e. VRAC)
have not yet been identiﬁed at the molecular level.
5. Concluding remarks
Taken together, the data presented here and elsewhere [17,18]
support our hypothesis that mammalian cells possess distinct
swelling-activated pathways for electrolytes and small organic
osmolytes, as also suggested by several other authors [8,14,15]. The
two pathways are activated at different osmotic (or cell volume)
thresholds. The electrolyte pathways are apparently activated by
membrane unfolding caused by moderate cell swelling, whereas the
putative channel for small organic osmolytes seems to be inserted into
the plasma membrane from cytosolic vesicles by an exocytosis-like
mechanism. The organic osmolyte channel is permeable to a wide
range of structurally dissimilar compounds including monomeric
sugars, polyols (sorbitol, inositol) and low-molecular-weight PEGs.
The cut-off pore radius of this channel was found to be about 0.74 nm
(Fig. 3). This estimate might be helpful for identifying possible
molecular candidates for the involved transport pathway.
The analysis of swelling-activated pathways is not only of
physiological but also of biotechnological and biomedical interest.
Hypotonic sugar- and PEG-substituted solutions are widely used in
the production of therapeutically relevant hybrid cells via PEG-
mediated fusion and electrofusion [48], and also for electrotransfec-
tion of mammalian cells [49]. Hypotonic cell loadingwith sugars, PEGs
and related compounds has an increasing potential in cryopreserva-
tion of rare and valuable human cells and tissues [50]. Finally, PEG and
its derivatives are widely included in food, cosmetics and pharma-
ceutical preparations as co-solvents or vehicles. The results presented
heremay therefore be useful for the interpretation of the controversial
data concerning the toxicity of low-molecular-weight PEGs reported
in the literature [51].
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